This work presents a novel chemical vapor deposition (CVD) approach that enables the deposition of ultrathin and conformal SiO 2 layers on TiO 2 anatase nanoparticles at room temperature using SiCl 4 and air containing water without the use of a catalyst. The morphology of the CVD-grown SiO 2 layers was found to be strongly dependent on the initial surface states of the TiO 2 nanopowders, which could be altered by applying a simple heat pretreatment. The deposition on untreated TiO 2 resulted in granular films, whereas on preheated TiO 2 highly uniform and conformal SiO 2 layers were obtained. By varying the SiCl 4 precursor dosing time and the number of CVD cycles, the thickness of the SiO 2 could be controlled at the nanometer level, which allowed us to investigate the influence of film thickness on the photocatalytic suppression ability. We found that a conformal SiO 2 layer with a thickness of 3 nm could sufficiently suppress the photocatalytic activity of anatase TiO 2 nanoparticles, which was demonstrated by the photodegradation of Rhodamine B. Our approach offers a simple, fast, feasible and lowtemperature deposition method which can be directly applied to SiO 2 coating on nanoparticles in pigments and other fields, particularly heat-sensitive materials, and further developed for large-scale production.
Introduction
Nanoparticulate titanium dioxide (TiO 2 ) is the most commonlyused white pigment in the paint, plastic, and paper industries due to its high brightness, high refractive index and photostability.
1,2 However, the high photocatalytic activity of TiO 2 facilitates the oxidation and decomposition of organic compounds, for instance, in the paint layer, which consequently changes the color and severely decreases the lifetime of the products. 3 Therefore, in these practical applications, TiO 2 nanoparticles (NPs) are commonly coated with a thin insulating layer to suppress their photocatalytic activity. On the one hand, this coating layer is required to sufficiently block the transport of electrons and holes, which are generated in the TiO 2 particles under UV-light irradiation, to the surface that initiates the photocatalytic reactions with organic compounds. On the other hand, the coating layer must not affect the bulk optical properties of the TiO 2 pigment. Owing to their large band gap, high thermal and optical stabilities, and chemical inertness, ceramic oxides, such as Al 2 O 3 , SiO 2 , CeO 2 and ZrO 2 , have been popularly used as coating materials on TiO 2 for photocatalytic suppression.
4-14
Various strategies have been developed to deposit thin metal oxide lms on TiO 2 pigment particles. Among them, wet chemistry methods, such as sol-gel and precipitation, have been extensively used due to their simplicity, inexpensiveness and versatility in producing various materials with tunable properties. [4] [5] [6] 8, 15, 16 For instance, Ren et al. employed sol-gel method in the presence of 3-hydroxytyramine hydrochloride, poly(-diallyldimethylammonium chloride), poly(sodium 4-styreneslfonate), tetraethyl orthosilicate (TEOS) and solvents to fabricate TiO 2 /SiO 2 core/shell particles. 6 Upon exposure to UV radiation, a rattle-type structure with tunable catalytic/UV-shielding properties was obtained. The TiO 2 /SiO 2 core/shell structure for UV radiation shielding can also be obtained by the conventional Stöber method using TEOS and solvents such as ethanol, NH 4 OH and acetone. 4, 5 Binary Al 2 O 3 /SiO 2 coating layers have been deposited on TiO 2 nanoparticles using sol-gel and precipitation mothods for enhanced brightness and whiteness of TiO 2 .
8,16
Moreover, wet chemistry methods enable the deposition of various ceramic and transition metal oxide materials such as ZrO 2 , CeO 2 , NiO and CoO on TiO 2 particles. 15 Nevertheless, these methods have several shortcomings in controlling the coating thickness and conformality due to their high sensitivity to experimental parameters, such as precursor concentration, type and pH of the solvents, deposition time and temperature. In addition, these methods are time consuming and normally require post-treatment processes, for instance, high temperature treatment, washing, drying, and separation to eliminate impurities that arise from the residual solvent and reaction byproducts. 5, 6 These disadvantages hinder the applicability of wet chemistry in the syntheses of metal oxide layers on TiO 2 in practical applications. It is therefore of importance to search for a facile, low-cost, and efficient approach for deposition of metal oxide layers on the TiO 2 particles.
Gas-phase deposition techniques such as chemical vapor deposition (CVD) and atomic layer deposition (ALD) have been attractive alternatives in recent years. ALD is based on the sequential exposures of the support/substrate to precursors in the gas phase. This enables self-limiting surface reactions and provides the ability to control the amount of depositing materials down to atomic level with high uniformity and conformality in many applications.
17,18 ALD has also been applied for coating Al 2 O 3 and SiO 2 lms on TiO 2 nanoparticles for catalytic suppression.
12-14 With ALD, ultrathin and conformal SiO 2 and Al 2 O 3 layers with a thickness of several nanometers can be achieved, showing excellent stability and high efficiency in suppressing the catalytic properties of TiO 2 nanoparticles.
12,13
Molecular layer deposition (MLD), the organic counterpart of ALD, has also been applied for depositing aluminum alkoxide (i.e., alucone) using trimethylaluminum and ethylene glycol as precursors. This alucone layer can reduce the undesired color change of the white pigment TiO 2 , which was observed for the TiO 2 24 To the best of our knowledge, this is so far the only room-temperature SiO 2 CVD process using SiCl 4 precursor reported in literature.
Accordingly, the main aim of this work is to develop a novel approach that enables the room-temperature CVD (RTCVD) of SiO 2 . We demonstrate that ultrathin and conformal SiO 2 layers on TiO 2 nanoparticles can be deposited at room temperature using SiCl 4 and air containing water without the use of catalysts. As SiCl 4 can react robustly with H 2 O, the use of air containing water is to decelerate the reaction kinetics and achieve a better control of deposition rate. Therefore, the thickness of coating layers can be controlled at nanometer scale by varying the SiCl 4 dosing time and the number of CVD cycles. We found that the morphology of the coating layers, i.e., granular or continuous lms, is strongly inuenced by initial surface states of the TiO 2 nanopowders, which can be altered by applying a simple heat treatment at a relatively low temperature (i.e., 170 C). Photocatalytic tests are performed on the as-synthesized SiO 2 /TiO 2 nanoparticles to evaluate the catalytic suppression ability of the room-temperature CVD-grown SiO 2 , and to study the inuence of coating thickness on the suppression ability. The results obtained from our work demonstrate a simple, fast and feasible method for coating SiO 2 on TiO 2 pigment, which is applicable for other powders and can be further developed for large-scale production.
Experimental

Materials
Anatase TiO 2 powders with diameter in the range of 200-300 nm and specic surface area of about 10.7 m 2 g À1 (determined by BET technique) were provided by Taihai TiO 2 pigment Co. (Panzhihua, China). Rhodamine B (RhB) and silicon tetrachloride (SiCl 4 ) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The TiO 2 powders and the chemicals were used as received without any additional treatment or purication.
Preparation of SiO 2 -coated TiO 2 nanoparticles
The coating apparatus and deposition steps are schematically shown in Fig. 1 . TiO 2 powders, without or with heat pretreatment at 170 C for 1 h (i.e., performed ex situ in an oven prior to the CVD), were supported on a porous distributor plate, and were immobilized inside a glass reactor with volume of 1 L (Fig. 1a) . The thickness of the TiO 2 layer on the distributor plate is about 2 mm. At this thickness and with a long dosing time (i.e., up to 60 min), the diffusion limitation of the gas molecules to the bottom of the layer can be eliminated. 28 Before introducing SiCl 4 , the reactor was slowly evacuated to a pressure of 70 mbar using a mechanical pump. This was to create a pressure difference between the chamber and the SiCl 4 vapor precursor (ca. 260 mbar at room temperature). SiCl 4 was then fed into the reactor (V1 opened, V2 and V3 closed) with dosing times varying from 3 to 60 min to react with the hydroxyl groups (-OH) on the surface of TiO 2 nanoparticles (Fig. 1b-d) . Hereaer, the excess precursor, if any, and the reaction byproducts (i.e., HCl) were removed (V1 and V2 closed, V3 opened). Air containing H 2 O vapor (i.e., 44% RH) was then introduced into the chamber and maintained at atmospheric pressure to react with the Si-Cl terminated surface, forming an SiO 2 layer and creating an -OH terminated surface (Fig. 1e) , which is necessary for the chemisorption of SiCl 4 in the next cycle. The use of air containing H 2 O vapor instead of pure H 2 O is due to the fact that SiCl 4 can react robustly with H 2 O, which could lead to the uncontrollable deposition.
Material characterization
The thickness of the SiO 2 layers on the TiO 2 particles was measured by transmission electron microscopy (TEM) using a JEOL JEM1400 operating at a voltage of 120 kV and a current density of 50 pA cm À2 . The composition of the SiO 2 layers was characterized by X-ray photoelectron spectroscopy (XPS) (XSAM800, Kratos, UK) with monochromatized Al Ka radiation at constant dwell time of 100 ms and pass energy of 55 eV. The peaks positions were calibrated according to the C 1s peak at 284.8 eV. The infrared spectra were acquired using FTIR spectroscopy (Spectrum II L1600300 spectrometer, PerkinElmer) in transmission mode.
Photocatalytic activity determination
The photocatalytic activity of the SiO 2 -coated TiO 2 powders was evaluated by the photodegradation of RhB solution. For each test, 150 mg powders were added to 30 mL RhB solution (concentration of 9 mg L À1 ) and continuously stirred in the dark for 30 min to obtain a uniform suspension. Thereaer, the suspension was exposed to UV radiation generated by a mercury lamp with a power of 300 W or 500 W for different exposure times. The set-up allowed to carry out up to 10 samples simultaneously, which ensured that all samples were irradiated under the same conditions, such as light intensity, exposure time, and temperature. The suspension was then centrifuged to separate the powders from the solution. Finally, the solution was analyzed by UV-visible spectrophotometry to determine the residual concentration of the RhB in solution, which was used to evaluate the catalytic activity suppression of the SiO 2 layers.
3 Results and discussion
Reaction mechanism
The chemical reactions in CVD of SiO 2 using SiCl 4 and H 2 O are generally described as:
However, it has been reported that the actual growth of SiO 2 CVD consists of a number of reactions, which can be divided into homogeneous and heterogeneous reactions. The heterogeneous reactions take place directly on the surface via substitution reactions of surface groups (i.e., -Cl and -OH groups). In this case, the reactions are described as:
where |-OH(s) and |-Si-Cl(s) represent the surface hydroxyl and chlorosilicon groups, respectively. In addition to these reactions, condensation reactions simultaneously take place between two -OH groups or -OH and Si-Cl groups on the surface to form siloxane bonds (Si-O-Si), described as:
Therefore, CVD of SiO 2 using SiCl 4 and H 2 O might consist of gas-phase reactions, substitution reactions of surface functional groups and condensation reactions.
Morphology and composition of the coating layers
Tsapatsis et al. postulated that the surface morphology of the coating layer is inuenced by the reactant species, i.e., H 2 O molecules (vapor and physisorbed H 2 O) and -OH groups (chemisorbed H 2 O). Accordingly, the reactions between SiCl 4 and H 2 O molecules may lead to the formation of a granular surface. 22, 23 However, this has not been experimentally demonstrated. Here, we observed that the deposition of SiO 2 on TiO 2 particles without pretreatment resulted in granular and porous surfaces (Fig. 2a) . This is attributed to the presence of a thick hydration shell with abundant physisorbed H 2 O and -OH groups on the particle surface, 30 as detected by FTIR spectra (Fig. 2c) . The peak at 3400 cm À1 is attributed to the stretching vibration of -OH groups (n O-H ) on the surface of TiO 2 particles, whereas the peak at (Fig. 2b) , which is substantially different from the porous and granular SiO 2 lms on the untreated TiO 2 particles. This is ascribed to the different reaction mechanism. CVD of SiO 2 on the pretreated TiO 2 particles proceeds following the reactions (2)-(5) (i.e., via surface reactions with |-OH and |-Cl groups), thus resulting in the formation of continuous and dense layers. Fig. 3 shows the O 1s and Ti 2p core-level XPS spectra of uncoated and SiO 2 -coated TiO 2 powders. For the uncoated TiO 2 , the O 1s spectrum is tted to two peaks with binding energies (BE) at 529.5 and 530.8 eV (Fig. 3a) 39 The tted spectrum also reveals the presence of additional components located at 534.5 eV (Si-O x ) and 531.64 eV (Si-O-Ti).
39
No signicant change was observed for the Ti 2p spectra of uncoated and SiO 2 -coated TiO 2 particles. In addition, no considerable amount of Cl contamination was detected by XPS, suggesting the complete consumption of -Cl by the chemical reactions with H 2 O.
The presence of SiO 2 is additionally conrmed by the FTIR spectra obtained for TiO 2 powders coated with SiO 2 layers with different SiCl 4 dosing times (Fig. 4) . The characteristics of SiO 2 are represented by the two sharp peaks at 1227 and 1080 cm À1 .
5
The results show that the absorption increases drastically with the increase of SiCl 4 dosing time from 3 to 30 min, which is indicative of the increase of the coating thickness consistent with the results obtained from TEM (Fig. 5) . The images indicate that highly uniform and conformal SiO 2 layers with a thickness as thin as 1 nm can be achieved, which is commonly difficult to obtain by conventional CVD. With increasing dosing time from 7 to 30 min, the coating thickness rises rapidly from 1.4 to 3.0 nm, and gradually reaches saturation with the further increase of dosing time. This saturation may be caused by the complete consumption of the -OH functional groups and adsorbed H 2 O on the surface by SiCl 4 , which consequently terminates the chemical reactions. A small increase in thickness with increasing dosing time from 30 to 60 min is attributed to the contribution of the residual H 2 O vapor inside the chamber and the condensation reactions described above (i.e., reactions (4) and (5)). Fig. 6a shows the photocatalytic activity toward the degradation of RhB of the uncoated TiO 2 and the TiO 2 coated with SiO 2 layers obtained for different SiCl 4 dosing times. Prior to the UV irradiation, the solution was constantly stirred in the dark (light-off stage) for 30 min to obtain uniform particle dispersion. The samples were collected aer certain time-intervals to determine the concentration of the remaining RhB. In the absence of TiO 2 powders, the results show that during this stage, the concentration of RhB remained unchanged. However, a small drop of RhB concentration was observed for the solutions with TiO 2 powders (both uncoated and coated with SiO 2 ). This drop is caused by the adsorption of a fraction of RhB molecules on the surface of the particles. Thereaer, upon the exposure to UV radiation (light-on stage), the concentration of RhB decayed rapidly for the uncoated powders, indicating the high photocatalytic activity of TiO 2 . Similar effects were observed for the TiO 2 coated with SiO 2 deposited with short SiCl 4 dosing times (up to 15 min). This could be due to the insufficient thickness of the coating and/or the devoid pin-hole free lms. As shown in Fig. 5a and b, the thickness of the SiO 2 layers for short dosing times is 2 nm or less (i.e., 1.4 and 2.0 nm for 7 and 15 min of dosing time, respectively). SiO 2 lms with a thickness of 3 nm and thicker obtained for longer SiCl 4 dosing times showed signicant improvement in the suppression of TiO 2 photocatalytic activity. The small decrease in RhB concentration observed for these two powders (i.e., with SiO 2 layers obtained for 30 and 60 min SiCl 4 exposures) is nearly identical to the decrease observed for RhB without powders, which is attributed to the self-degradation of RhB under the UV irradiation. This is better indicated by the reaction kinetic plots shown in Fig. 6b obtained from the kinetic equation described as:
Catalytic suppression of SiO 2 coating layers
where k app is the apparent rst-order kinetic constant, which represents the reaction rate. From eqn (6), k app value for each reaction can be extracted from the slope of the linear tting ( Table 1 ). The results show that the k app values obtained for the powders coated with SiO 2 with long SiCl 4 dosing times are only slightly higher than that of the RhB self-degradation (0.043 and 0.046 compared to 0.032 of RhB), suggesting good catalytic activity suppression by these coatings. In other words, a lm thickness of above 3 nm ensures sufficient photocatalytic suppression. The enhancement of the catalytic suppression for the longer dosing time may be ascribed partially to the reconstruction of the layers during the exposure. As discussed above, the small increase in SiO 2 thickness with increasing dosing time might be attributed to the condensation reactions of the precursor molecules (i.e., reactions (4) and (5) in Section 3.1), which create siloxane bonds (Si-O-Si), resulting in fewer pinholes and denser lms. This consequently increases the suppression ability of the coating layers. The results from TEM imaging show that the surface morphology of the coating layer was unaffected by the photocatalytic reactions (not shown), indicating the stability of the coating layer. Fig. 7 shows the RhB degradation of the SiO 2 -coated TiO 2 with different numbers of coating cycles. In this case, an SiCl 4 dosing time of 30 min was applied for all of the depositions. Samples for 1, 4 and 7 cycles were tested. In addition, the UV irradiation power was reduced to 300 W to enable the study of the degradation up to 80 min. The same drop of RhB concentration caused by the surface adsorption was observed in the light-off stage (Fig. 7a) . In the light-on stage, the reaction kinetic plots (Fig. 7b) show negligible effect of thickness on the photocatalytic degradation, demonstrating the sufficient suppression of the SiO 2 layers deposited with a small number of CVD cycles. In comparison with the materials and coating methods that have been used to mitigate the photocatalytic activity of TiO 2 pigmentary materials (Table 2) , our approach showed several advantages in providing a fast, simple and efficient process. Especially, for the rst time in literature a roomtemperature gas-phase deposition technique for pigmentary coating applications is introduced.
Conclusions
We have demonstrated the room-temperature pulsed-CVD of SiO 2 thin lms on TiO 2 nanoparticles using SiCl 4 as the Si precursor and air containing water vapor as the oxidizing agent without the use of catalysts. The formation of SiO 2 was conrmed by XPS and FTIR spectroscopy. The deposition on the TiO 2 powders without preheating resulted in a granular surface, whereas on pretreated TiO 2 (at 170 C for 1 h) highly uniform, conformal and continuous SiO 2 lms were obtained. The thickness of the SiO 2 layer increased with SiCl 4 dosing time and reached saturation most likely upon the consumption of the surface hydroxyl groups and water vapor. This enabled the control of coating thickness at nanometer level precision, and consequently, the study of the inuence of lm thickness on photocatalytic suppression ability of SiO 2 lms. Accordingly, we found that a minimum thickness of about 3 nm is needed to sufficiently suppress the photocatalytic properties of TiO 2 toward the degradation of RhB. A further increase in lm thickness resulted in only insignicant improvement in the suppression performance. Our work has demonstrated a simple, fast and feasible method for depositing SiO 2 on TiO 2 pigment at room temperature, which is applicable also for other powders, especially for heat-sensitive materials, and can be further developed for large-scale production.
